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We investigate the effect of the interlayer spin-flip tunneling 
for the interlayer magnetoresistance under magnetic fields in 
α-(BEDT-TTF)2I3, which is a multilayer massless Dirac fermion 
system under pressure. The mean field of the spin-flip correla-
tion associated with the interlayer Coulomb interaction enables 
the interlayer spin-flip tunneling. Assuming the non-vertical in-
terlayer spin-flip tunneling, we calculate the interlayer magneto-
resistance using the Kubo formula. The crossover magnetic field, 
at which the interlayer magnetoresistance changes from positive 
to negative is shifted by the Zeeman energy and in good agree-
ment with the experiment.  
 
 
 
 An organic conductor α-(BEDT-TTF)2I3 [BEDT-TTF=bis(ethylenedithio)tetrathiafulvalene] 
is the first bulk massless Dirac fermion system, in which the energy dispersion is linear and 
the conduction electrons obey the Dirac equation. Below 135K, α-(BEDT-TTF)2I3 behaves as 
an insulator under ambient pressure, where the charge ordering with stripe patterns have been 
formed1–3). For pressures higher than 1.5 GPa, the charge ordering transition is suppressed and 
the metallic phase is realized at low temperature4), where the resistivity is almost temperature 
independent. Meanwhile, the Hall effect is very sensitive to the magnetic field, which means 
the system is clean.4) These experimental results shows that the system has extremely narrow 
energy gap. 
 Kobayashi and coworkers calculated the energy dispersion,5,6) which revealed that the bot-
tom of the conduction band contacts with the top of the valence band at the two inequivalent 
points, called Dirac points, in the first Brillouin zone. These energy dispersion structure is 
called Dirac cone. Unlike the graphene7), where Dirac points are in high symmetrical points in 
the Brillouin zone (see, for a review 8)), the positions of Dirac points in α-(BEDT-TTF)2I3 are 
not at symmetrical points. Moreover, the Dirac cone in α-(BEDT-TTF)2I3 is anisotropic and 
tilted, which is greatly different from the isotropic Dirac cone in graphene. The low energy 
 behavior of the Dirac electrons resides in two valleys near the Dirac points in reciprocal space. 
Corresponding to these two inequivalent Dirac points, the valley degrees of freedom exist. 
 α-(BEDT-TTF)2I3 has the layered structure, consisting of the conduction layers of 
BEDT-TTF molecules and the insulating layers of iodine anions. This multilayer structure is 
the one of the most important differences, from the single layer massless Dirac fermion sys-
tem, graphene. We reported the unique spin-ordered states in α-(BEDT-TTF)2I3,9) where the 
interlayer antiferromagnetic interaction leads to interlayer ferrimagnetic state in weak mag-
netic field regime. The characteristic transport phenomena of α-(BEDT-TTF)2I3 are clearly 
seen in the negative interlayer  magnetoresistance under perpendicular magnetic field.10) 
Osada gave the formula for the interlayer magnetoresistance11), which is based on the zero 
mode Landau level. For relatively large magnetic field, this qualitatively describes the ex-
perimental result. On the other hand, the crossover from positive to negative magnetore-
sistance is observed at low magnetic field. Morinari and Tohyama revealed that this crossover 
is caused by the non-vertical interlayer tunneling12). The non-vertical interlayer tunneling 
leads to non-vanishing matrix elements between different Landau level wave functions. When 
the energy gap between nearest neighbor Landau levels is less than the energy scale of the 
characteristic Landau level broadening, the inter-Landau level mixing on interlayer tunneling 
leads to the positive magnetoresistance. Although this suggests that the peak temperature of 
the interlayer magnetoresistance is proportional to C B , where C  is a constant and B  is 
a magnetic field, the experiment of the interlayer magnetresistance implies C B − gµBB , 
where g  is the g factor and µB  is the Bohr magneton, which is obviously shifted by the 
Zeeman energy13). Konoike and coworkers also suggested the energy shift in the observation 
of the giant Nernst effect14). Therefore, the interlayer tunneling should be related to spin-flip 
processes. 
 In this work, we investigate that the effect of the interlayer spin-flip tunneling for the peak 
temperature of the interlayer magnetoresistance. At the interlayer ferrimagnatic state, the op-
posite spin term of the Coulomb interaction in the mean field approximation describes the 
spin-flip interlayer tunneling. Since the opposite spin mean field is finite at low temperature, 
the spin-flip interlayer tunneling is possible and the peak temperature of the interlayer mag-
netoresistance is shifted by the Zeeman energy. 
 We consider the multilayer massless Dirac fermion systems under magnetic fields. We take 
the xy plane in the 2D layer and the z-direction perpendicular to it. We assume that the Dirac 
fermion system is realized in each layer. We assume that the valley degrees of freedoms are 
 degenerate and we do not consider the possibility of lifting valley degeneracy. We take the 
plane wave form with the wave number k in y-direction, the Landau level wave functions for 
Dirac fermions are given by 
 ψn,k x, y( ) =
1
lBLy
exp iky( )Φn,k x( )   (1) 
where lB  is the magnetic length defined by lB = ! eB( )  and Ly  is the system dimension 
in the y-direction. The n-th Landau level wave function Φn,k x( )  is written as 
 Φn,k x( ) =Cn
−isgn n( )
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Here, hn ξ( )  is the harmonic oscillator wave function with the eigen value n +1 2  and the 
normalization constant Cn  is C0 =1  and Cn =1 2  for n ≠ 0 . sgn n( )  is the sign of n  
for n ≠ 0  and zero for n = 0 . The field operator represented by this Landau level wave func-
tion is given by 
 ψˆl,σ x, y( ) = ψn,k x, y( )cl,n,k,σ
n,k
∑ ,   (3) 
where the cl,n,k,σ  is the annihilation operator of the n-th Landau level with the wave number 
k and the spin σ  in the l-th layer.  
We start from the model which includes the interlayer transfer integral t !c  and the inter-
layer Coulomb interaction, Vl,l+1 c( ) = e2 4πε az2 + c2 , where −e  is the electron charge,     
ε =190 F m 15) is the dielectric constant and az =17.5Å16) is the interlayer distance. The 
non-vertical interlayer tunneling Hamiltonian12) with the Coulomb interaction is given by 
 
Hˆt = −t "c dr ψˆ†l ,σ x, y( )ψˆl+1,σ x, y+ "cy( )+h.c.{ }
l ,σ
∑∫ + Vl ,l+1 "cy( ) drρ! l ,σ x, y( )ρ! l+1,σ x, y+ "cy( )∫
l ,σ
∑  (4) 
Here, ′cy  is a parameter for the non-vertical interlayer tunneling. The density operator is 
written as 
 ρˆl ,σ x, y( ) = ψˆ†l ,σ x, y( )ψˆl ,σ x, y( ).  (5) 
 In order to focus on the interlayer spin-flip tunneling, we do not consider the n and k de-
pendence of the wave functions. We include the effect of the spin-ordered state by introduc-
ing a potential associated with the mean fields of the spin state. The spin-polarized state is re-
alized by the intralayer ferromagnetic interaction in each layer, while the interlayer ferrimag-
 netic state is possible by the interlayer antiferromagnetic interaction9). The interlayer ferro-
magnetic spin configuration produces a uniform potential. So, we may focus on the antifer-
romagnetic component and introduce the staggered magnetization potential −1( )l Mst . The 
Hamiltonian is given by 
 Hˆ = −t "c c†l,σcl+1,σ + h.c.( )
l,σ
∑ +V c†l,σcl,σc†l+1, "σ cl+1, "σ
l,σ , "σ
∑
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+ −1( )l Mst c†lασ zαβclβ( )
l
∑ .   (6) 
Here, σ zαβ  is the Pauli matrix and V =Vl ,l+1 !cy( )  is the interlayer Coulomb interaction. The 
labels n and k are implicit in the creation and annihilation operators since we do not consider 
the n and k dependence now. We apply the mean field approximation to the interlayer Cou-
lomb interaction. The Fourier transform of the mean field Hamiltonian is written as 
 
HˆMF = c†q↑ c†q↓ c†q+Q↑ c†q+Q↓( )
q∈RBZ
∑
×
εq −VΧq↑↑,↑↑ −VΧq↓↑,↑↓ Mst 0
−VΧq↑↓,↓↑ εq −VΧq↓↓,↓↓ 0 −Mst
Mst 0 εq+Q +VΧq↑↑,↑↑ VΧq↓↑,↑↓
0 −Mst VΧq↑↓,↓↑ εq+Q +VΧq↓↓,↓↓
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where εq = −2t "c cos q( )  and Q = π . Here, we assume a coherent interlayer hopping. This is 
just for simplifying the calculation of the mean fields Xqαβ ,γδ . The summation is taken over 
wave numbers in the reduced Brillouin zone. The mean field Χqαβ ,γδ  is defined by 
 Χqαβ ,γδ = e−iq
1
N e
i #q c†#qαc #q β − c†#q +Qαc #q +Qβ( )
#q ∈RBZ
∑ + eiq 1N e
−i #q c†#qδc #q γ − c†#q +Qδc #q +Qγ( )
#q ∈RBZ
∑ .  (8) 
  We assume the diagonal elements εq −VΧqαα ,αα  are renormalized to !εq = −2 !t !c cos q( )  with 
the renormalized transfer integral !t !c =1 K. We numerically solve the self-consistent equation 
about the mean field with the opposite spins χ↑↓ = c†q↑cq↓ . 
 The result with Mst =0.05 is shown in Fig. 1. At low temperature, χ↑↓  is finite. The critical 
temperature depends on the strength of the interlayer Coulomb interaction. In the presence of 
the finite χ↑↓ , the interlayer spin-flip tunneling is possible. When the interlayer Coulomb in-
teraction is larger than the onsite Coulomb interaction, the dimerization state is realized. In 
this system, the onsite Coulomb interaction is much larger than the interlayer Coulomb inter-
action. Therefore, the possibility of the dimerized state is ruled out. In the absence of the di-
merization state, the interlayer Coulomb interaction gives rise to the interlayer spin correla-
tion, χ↑↓ . Then, the interlayer spin-flip tunneling effectively exists.  
 Now, we consider the interlayer magnetoresistance. Applying the mean field approximation, 
the interlayer Coulomb interaction term describes the interlayer spin-flip tunneling. We cal-
culate the interlayer conductivity caused by this spin-flip tunneling. For simplicity, we assume 
the strength of the interlayer Coulomb interaction V  is a constant and the effect of the mean 
field χ↑↓  is already included in it. Thus, the effective interlayer hopping is given by 
 −η c†l ,n,k ,σ cl+1,n,k ,−σ +h.c.( )
l ,n,k ,σ
∑ ,   (9) 
 0
 0.1
 0.2
 0.3
 0.4
 0.5
 0.6
 0.7
 0  1  2  3  4  5  6  7  8  9  10
T[K]
V=5[K]
V=10[K]
V=15[K]
c† q↑
c q↓
,c
† q↓
c q↑
Fig. 1(Color online) The temperature dependence of . The critical temperature 
increases with increasing the strength of the interlayer Coulomb potential. 
 
 where η  is the vertical interlayer hopping parameter. This describes the vertical interlayer 
tunneling. However, since the non-vertical interlayer tunneling leads to the inter-Landau level 
mixing, we need to include the effect of the inter-Landau level mixture in the calculation of 
the current operator. The current operator is derived from the continuity equation. We calcu-
late the current operator using eq. (9) and the result is 
 Jˆ = iazη "c c†l ,n,k ,σ cl+1, "n , "k ,−σ +h.c.( )
l ,n, "n ,k , "kσ
∑ ,   (10) 
where η !c  is the non-vertical interlayer hopping parameter. 
We calculate the interlayer conductivity using the Kubo formula, 
 σ zz
1( ) = −
i
S
f Eα( )− f Eβ( )
Eα −Eβ
α Jˆ β 2
Eα −Eβ + iδα ,β
∑ .   (11) 
Here, f  is the Fermi distribution function and S  is the area of the conduction layers. α  
and β  represent the single body quantum states. We introduce the matrix elements for 
non-tilted case Mn, !n  derived by Morinari and Tohyama12). The strength of the inter-Landau 
level mixture is characterized by !cy . Although the matrix elements are defined for the inter-
layer transfer integral, we replace it to η "c . Thus, the interlayer conductivity is given by 
 σ zz
1( ) =
1
l2BS
Mn, "n
2
−
∂ f
∂E
%
&
'
(
)
*
E=En ,σ
δ En,σ −E "n −σ( )
n, "n ,σ
∑ ,   (12) 
where En,σ = sgn n( )C n B −σ gµBB 2  is the eigen-energy of the n -th Landau level with 
spin σ . Hereafter, we assume that g = 2  because the spin-orbit coupling is negligible in 
α-(BEDT-TTF)2I3. From eq. (12), the conductivity of the non-vertical interlayer tunneling 
without spin-flip is obtained by replacing η "c  to t !c  in the matrix elements and −σ  to σ  
in the argument of the delta function. 
  In order to include the effect of the Landau level broadening, we replace the delta function 
with the Lolentzian function with the half value width of Γ . Assuming Γ  is a constant, we 
numerically calculate the temperature dependence of the interlayer magnetoresistance. The 
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Fig. 2 (Color online) The temperature dependence of the interlayer magnetoresistance 
with ,  and . The peak temperatures increase 
with increasing the magnetic fields. 
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Fig. 3 (Color online) The square points shows the magnetic field dependence of the 
peak temperature with  and .  is the fitting parameter 
of  with  to . The triangle points are the cases with-
out the spin-flip processes for the comparison.  
 result for the parameters C =10 KT−1 2 ,Γ = 5 K  and V = 5 K  is shown in Fig. 2. The peak 
temperatures increase as we increase the magnetic field. The differentiation of the Fermi dis-
tribution function has a peak, the width of which broadens by increasing temperature, and so,  
the overlap with the Lorentzian function increases. For the interlayer spin-flip tunneling, the 
Lorentzian function is shifted by the Zeeman energy. Consequently, the peak temperature of 
the magnetic field is shifted by the Zeeman energy.  
 We now calculate the peak temperature for different magnetic fields. The result with 
C =10 KT−1 2  and V = 5 K  is shown in Fig. 3. This is fitted well to the functional form of 
α C B − gµBB( )  with the constant α ∼ 0.27 . Using this value of α , the numerical result 
with V = 0 K , which corresponds to the case without the interlayer spin-flip tunneling, is fit-
ted well to the functional form of αC B . So, we found that the characteristic energy of the 
interlayer magnetoresistance is shifted by the Zeeman energy when the interlayer spin-flip 
tunneling exists. The result is valid when χ↑↓  is finite. χ↑↓  vanishes above the critical 
temperature as shown in Fig. 1. However, assuming χ↑↓  as a constant, we obtain the peak 
temperature in quantitatively good agreement with the experimental data in ref. 13 except the 
coefficient. The mean field χ↑↓  is finite below a characteristic temperature. This temperature 
is determined by the interlayer Coulomb interaction. In this system, the number of conduction 
electrons is very small. So, the screening effect is negligible17). Therefore, the interlayer Cou-
lomb interaction is on the order of 20K. The coefficient α  is about one third of the experi-
mentally evaluated value. This would be because the magnetic field or temperature depend-
ence of Γ  are not considered here. The overlap of the Lorentzian function and the differenti-
ation of the Fermi distribution function can be evaluated more precisely. This is a subject for 
a future study.  
 To conclude, we have examined the effect of the interlayer spin-flip tunneling. The opposite 
spin mean field arising from the interlayer Coulomb interaction leads to spin-flip tunneling. 
The magnetic field dependence of the peak temperature of the interlayer magnetoresistance is 
shifted by the Zeeman energy and is in good agreement with the experiment. 
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